Abstract-In this paper we consider a general case of an m-paralleled buck converter system feeding dependent current source, which can easily represent resistive, constant current, and constant power loads. For control design, we use synergetic control theory, which is based on ideas of self-organization. The theory allows designers to derive analytical control laws for nonlinear, high-dimensional, and multi-connected systems. In the paper we derive general nonlinear PI control algorithms for the m parallel-connected DC buck converter under droop current sharing nullifying steady state current sharing error and improving voltage regulation. We study the stability of the closed loop system under different loading conditions. We clarify the choice of control law coefficients, and we show the benefits of dynamic power sharing provided by synergetic control design. The simulation results presented in the paper show good agreement with the theory.
INTRODUCTION
The growing interest in control strategies for parallel-connected converters has been caused by several factors such as growing consumer power demands, importance of dynamic power management, growing requirements for system reliability, and decreasing overall system cost [1] . However, in spite of the seeming simplicity of DC systems, the design of efficient control for an autonomous DC power system is made difficult by nonlinearity resulting in chaotic behavior [ 2 ] , high dimensionality, and multi-connectivity of the controlled system.
As a result, most classical control design techniques are not capable of efficient control design for these systems. Such techniques as feedback linearization [3] , sliding [4] , and synergetic control [ 5 ] have addressed the above-mentioned problems for DC system control design using active current sharing [6, 7 ] in which the specified current sharing is maintained by adjusting reference voltage of the converters. However, droop current sharing [8] , which is based on shaping load characteristics of the converter, is not broadly studied mostly due to the weakness of its voltage and current regulation. At the same time, droop current sharing provides substantial benefits over active current sharing in distributed power systems [ 9 , 10 ] . Moreover, droop current sharing is suitable for the Transient Voltage Clamp (TVC) that is used in modern microprocessor power delivery systems to reduce passive decoupling elements [11] .
However, the attempts made to improve droop current sharing face with the problem of high dimensionality and nonlinearity of the system. However, examples [12, 13] show that synergetic control theory has made it possible to achieve a more generalized understanding of dynamic current sharing in the system of paralleled converters due to the fully analytical procedure for control design. This procedure uses a nonlinear model of the system and ensures global (or semi-global) asymptotic stability of the closed-loop system. Moreover, synergetic control induces self-organized motion in the system that takes control of dynamic degrees of freedom of the system and as a result reduces the dynamic order of the controlled system and simplifies the analysis of the closed loop system behavior. Besides, analytical control is very convenient for microprocessor implementation.
In this research we continue our study of synergetic control theory started in [12, 13, 14 ] . In particular, we develop generalized control strategies for m parallel-connected buck converters feeding dependent current source that can approximate a wide variety of loading conditions from constant current to constant power loads. The strategies expand the concept of dynamic current sharing that is introduced in [13] , where converter current load regulation characteristics can be allocated dynamically based on the operating conditions of the system. The objectives of this research are to explore closed loop behavior as well as to study the implementation option for dynamic current sharing in a system under droop current sharing. This paper presents generalized control strategies for the system of an arbitrary number of paralleled buck converters feeding a general load represented as a dependent current source. Next, using these generalized control strategies we develop a family of control strategies for a particular system loading conditions such as resistive and constant power loads. We explore the impact of control law coefficients on closed loop behavior. Finally, we propose implementation of a current limiting feature that decreases electrical stress on the switching components of the system and we put forward a load estimator that simplifies the control strategies.
However, this digest covers only the most significant data such as the system model; general control strategies; stability conditions; parameters of the simulated system; some simulation results, including impact of control law coefficients on system current sharing and transient response. Additional details will be provided at the conference and in the follow-on paper.
The paper is organized as follows. Section "Synergetic control theory" presents the major philosophy behind the theory. In "Synergetic control design" section we present system models and derive general nonlinear PI control algorithms for m parallel-connected DC buck converter under droop current sharing that nullify steady state current sharing error and improving voltage regulation. In addition we study the stability of the closed loop system under different loading conditions such as resistive and constant power loads, and explore the robustness of synergetic control against the uncertainty of loading conditions. Next, "Results and discussion" shows simulation data for two and three converter system to prove the theory. Finally, in "Conclusion" we summarize our results.
II. SYNERGETIC CONTROL THEORY
Synergetic control theory [ 15 , 16 ] , based on ideas of modern mathematics and synergetics, uses the capability of open systems for self-organization [17] . Synergetic control is based on dynamic control of the interaction of energy and information within the system. By introducing virtual dissipative structures [18] , it induces directed self-organized motion within the system. This motion takes control of the system's degrees of freedom and leads the system to a specified state. As a result, systems such as parallel-connected power converters work coherently (in unison), supplying the required amount of energy with improved quality. Thus, coordinated behavior improves the system's performance and reliability.
In short, utilizing dissipative structure algorithms, synergetic control theory supplies an analytical control design procedure for nonlinear, multi-connected, high dimensional systems, which includes the essential properties of the controlled plant within the task statement. As a result, synergetic control theory allows designers to state and then efficiently solve many control problems, heretofore neither solved by other known methods nor even stated due to their extended complexity. These problems relate not only to the global stability of the closed loop operation or to the global optimization of the system behavior but also to simplifying transitions among power sharing strategies, or minimizing system power losses.
The synergetic control design procedure [15] is based on a new method for generating control laws u(ψ)=u(x) or feedback as functions of the specified macro-variables ψ(x). These controls direct the system from an arbitrary initial condition into the vicinity of manifolds ψ(x)=0 and then ensure asymptotically stable motion along these manifolds toward the end attractors or equilibrium state. On these attractors the specified properties of the controlled system are guaranteed. In this section we derive general synergetic control laws for m-parallel connected buck converter system under droop current sharing using simplified averaged state space model of the system, assess closed loop system stability using a more detailed model of the system, evaluate influence of loading conditions on the system stability, and explore robustness of synergetic control against uncertainty of loading conditions. 
A. System models A prototype system for this research is presented in Fig. 1 .
The state space averaged model [ 19 ] of the system presented in (1) is derived using the following assumptions: the system operates in the continuous conduction mode; switching occurs at a very-high switching frequency; parasitic effects are ignored; state variables are the averaged v c1 capacitor voltage and i Li inductance currents; the load is represented as a current source dependent on output voltage i load (v) .
As shown in Table 1 , a wide variety of loads can be represented by a dependent current source (for example resistive and constant power loads). Due to the decomposition of the system under droop current sharing, the state space averaged model of one buck converter system (5) is used in the control design. Disturbance M(t) in the model (5) takes into account impact of rest of the system together with the load change.
The essence of the extended model (5) is its capability of rejecting piece-wise constant disturbances and obtaining zero steady state error of current sharing [ 20 ] due to the introduced additional state variable M(t).
, M is an equivalent disturbance effecting the converter corresponding to the influence of the rest of the system together with load change 
B. Design a general control strategy
The control design uses synergetic control theory [15] and implements droop current sharing [8] under which power distribution among the converters is based on converter load characteristics as shown in Fig. 2 . In the control design, load regulation characteristics is defined by voltage reference V c1,ref as shown in (7). A basic tenet of synergetic control design is the use of macro-variables to define laws of interaction among the system components [16] . These macro-variables define the properties of the motion of the extended system (5) to the equilibrium state. The number of macro-variables in the set equals the number of control channels. In our case the converter has one control channel. As a result, only one macro-variable (8) is required. We choose the macro-variable to be the following form (8) . The structure of the macro-variable allows us to derive a general control strategy that is able to compensate for constant power nonlinearity.
The evolution of the macro-variable towards the manifold is defined in(9).
where i o1 is converter output current.
( )
The resulting control, found by substituting the system model (5) into (9) and solving the resulting system jointly, is presented in (10) .
The control in (10) represents a general control law design template, which can be used for the generation of specific control laws by substitution of a particular load model from Table 1 .
The control derived in (10) moves representing point towards the manifold (11) and along the manifold to equilibrium (7) . Also, it ensures the specified static load regulation characteristics of the converter.
The stability conditions of the system motion along the manifold are explored in the following section.
C. Stability condition on manifolds
Within the system all power converters operate in parallel and share the current in accordance with their load characteristics. However, the number of paralleled converters in the system can be varied due to optimization of system efficiency or maintenance issues. Hence, it is worthwhile to define general stability conditions for the system containing an arbitrary number of converters (m) operating under the same synergetic droop current sharing control strategies, which have different load characteristics.
1) General stability conditions
The system containing m paralleled buck converters, a model of which is presented in (2) is loaded with current i load (v c1 ) and operates under synergetic control (10) with different load regulation characteristics (7).
where M i is an estimate of the disturbance influencing the ith converter, and It is assumed the system operates in such a vicinity of the operating point that synergetic control (10) is capable of moving the system representing point onto the manifolds (12) . In accordance with [16] , the system behavior on the manifolds is defined by the following: ( 
Elimination of inductor currents in system (13), substitution of load regulation characteristic from (7), and conversion of the system into one equation yields the following second order dynamic equation: Assuming that converter's load can be represented as a part of the system load as shown in (6), using linear approximation of load current i load (v) as in (15), and substituting (6) and (15) into (14), we get (16). 
Equation (16) describes the behavior of the closed loop system on manifolds. It can be seen that on manifolds the system has a reduced order, which equals two. Equation (16) gives the stability condition for closed loop system on manifolds (17) . (17) Inequalities (17) present a general case of the stability conditions for m-paralleled buck converters operating under droop current sharing control strategies with different load regulation characteristics.
2) Stability conditions for different loading conditions
In real life, applications converters usually share the power equally. For equal current sharing it is necessary to have close or equal parameters of load regulation characteristics that can be summarized as follows: 
Using the equalities in (18) the stability conditions (17) can be rewritten as follows:
From (19) and (14) it can be seen that the choice of coefficients a 1, a 2 ,,a 3 and η is not so obvious due to a need to estimate the value of the load current derivative. In addition, it can be seen that with the growth of m -number converters operating in parallel, the relation between coefficients in inequalities (19) and (20) changes linearly. This change affects the transient response of the system, which becomes more oscillatory with the growth of m.
Based on (18) and (19), the stability conditions for particular loading conditions are shown in Table 2 
3) Robustness against load uncertainty
As shown before, the operation of the system under fixed loading conditions can be made stable by a proper choice of control law coefficients. However, in real life the operation of the system loading conditions have a level of uncertainty. This uncertainty of the load could lead to the instability of the closed loop system. Here we present results of the study on how inadequacy between load model assumptions and real properties of the load can affect the closed loop system stability. We assume that the system control was developed for resistive loading conditions. However during operation loading conditions are changed and have three different cases of loads: resistive load, constant power load, and constant current. We also assume that the closed loop system operates in the vicinity of the operating point so that synergetic control law is able to move the representing point of the system onto manifolds and reach the equilibrium point, and each load can be adequately represented by its linearized model shown in Table 1 . Using the results of the previous section, stability conditions for the system on manifolds under three different loads cases are presented in the following Table 3 , where v cn refers to voltage at the operating point. 
From Table 3 it can be seen that the closed loop system is always stable for any kind of active load and in case of constant load when current does not change its value significantly during one switching period of the converter system; certain limitations are applied in constant power case. 
IV. RESULTS
To prove the theory obtained in the paper, the results were applied to two-and three-converter systems; simulation of these systems was performed in Matlab/Simulink. The performed simulation shows good agreement with the theoretical results.
A. Impact of control law coefficients on current sharing
Two series of simulations were conducted to study the influence of control law coefficients on the closed loop behavior. They are a variation of control law time constant illustrated in Fig. 3 and a variation of such control coefficients as a 1 ,a 2 and a 3, which is shown in Fig. 4 .
It can be seen from Fig. 3 that the value of time constant Ti affects the settling time of the closed loop system. In particular, increase of Ti results in an increase of the settling time. The resulting system settling time can be estimated as 3-5Ti max . In addition Fig. 3 shows that, as it was predicted, an increase of the number of paralleled converters under the same control strategies affects the transient response of the closed lop system. It can be seen in Fig. 3 that the three-converter system has an improved current settling time and worse voltage settling time and transients than the two-converter system. a) b) Fig. 3 . Modeling results for the system containing two and three parallel-connected buck converters under step load change and different time constants a) output voltage transients, b) inductor current transients Fig. 4 illustrates not only the influence of manifold coefficients on the transient response of the closed loop system but also shows the ability of the synergetic control to operate on the two converter system when time constants have a two order difference (T 2 =0.01T 1 =0.01Tn).
It can be seen from the Fig. 4 , when macro-variables have the same coefficients, the converter with faster time constant provides additional current that results in a decrease of the settling time. In case when a 1 =0, the converter with a faster response time supplies energy to the system only during transients and allows to decrease the system voltage drop. Inequality a 3 =0 brings a further decrease of voltage drop. Hence, synergetic control strategies can be used for Transient Voltage Clamp for voltage drop in the system during transients.
B. Parametric robustness of synergetic control
One of the important features of the control strategies is an ability to operate the system under parameter variation or robustness. To study the robustness of the synergetic control we performed a simulation in which we kept constant parameters of control law corresponding to converters' inductances and we varied inductance in the system model. Simulation results are presented in Fig. 5 . It can be seen from Fig. 5 that variation of converters' inductances affects the system current transients, however, voltage transients are maintained without a significant change. 5 shows a robust performance of synergetic control when it is able to withstand ±50% variation of the system inductance.
V.
CONCLUSION
This paper presents a synergetic control design for m-paralleled buck converter system under droop current sharing. The presented design overcame such problems of the system as multi-connectivity, nonlinearity, and high dimensionality. The multi-connectivity and nonlinearity of the system were taken into account by the presented set of manifolds, which define not only laws of interaction among the converters but also allow control laws to compensate for system nonlinearity and parameter variation. Contraction of the system state space under synergetic control made it possible to draw a stability analysis for an arbitrary number of paralleled buck converters. The simulation and experimental results for two-and three-converter systems validated the theory and showed that the closed loop systems are characterized by stable operation; fast response; good voltage regulation; ability to nullify steady state error not only of output voltage but also of current sharing; capability of controlling the current withdrawn from each converter; and ability to change current sharing during operation. 
